Abstract Participation in interlaboratory comparisons is a requirement of the accreditation bodies for granting laboratory accreditation by EN ISO/IEC 17025:2005 as external quality control. Proficiency testing (PT) is used to demonstrate the individual performance of a laboratory for a specific test or measurement. Monitoring PT performance over time shows the continuing performance and allows the identification of potential problems related to random and systematic errors. In this study, it is shown that the procedures applied to measure mass fractions of moisture, ash and volatile matter in solid fuels fulfill the conditions stated in the European standards EN 14774-3, EN 14775 and EN 15148:2009 regarding target uncertainty, repeatability and reproducibility. Repeatability was assessed from sample duplicate analysis and combined standard uncertainty. Limits of detection and quantification were also estimated although no target values are stated. The obtained values fulfill the requirements for specifications and classes of solid biofuels. Laboratory performance over the time from 2011 to 2013 regarding such measurements was evaluated with 18 materials provided by WEPAL within the BIMEP program. Apart from monitoring the individual z-scores, their sequence was checked with summarizing parameters including the 'rescaled sum z-scores', RSZ, the 'sum squared z-scores', SSZ, and J-scores. For none of the analytes, the parameters indicated a trend over time and therefore it was not necessary to trigger any investigation or correcting procedure.
Introduction
Proficiency testing (PT) is used to demonstrate the individual performance of a laboratory for a specific test or measurement procedure and to monitor the continuing performance by means of an independent assessment. Participation in interlaboratory comparisons is a requirement of the accreditation bodies for granting laboratory accreditation by EN ISO/IEC 17025 [1] as external quality control. Guidelines and standards have been developed over the last years with emphasis on harmonization protocols [2] [3] [4] [5] and accreditation of the PT providers [5, 6] . For an accredited laboratory, it is not enough to demonstrate its performance level for its various tasks once, but the performance must be monitored over time in order to identify potential problems related to bias or trend.
In this work, measurement procedures are described which were used to determine the mass fractions of moisture, ash and volatile matter in different types of biomass. The procedures, based on standardized methods [7] [8] [9] , were validated and their compliance with the performance requirements stipulated by the European standards was assessed and verified. The following performance parameters were studied: limit of detection, limit of quantification, measurement precision under repeatability conditions from duplicate analysis and measurement uncertainty from intralaboratory modeling according to the GUM measurement uncertainty framework [10, 11] . Target standard uncertainties were derived from the reproducibility values stated in the European standards, taking into account the fitness for purpose of the measurement results.
Participating in the proficiency testing scheme International biomass exchange program (BIMEP) organized by WEPAL (Wageningen Evaluating Programs for Analytical Laboratories, http://www.wepal.nl), the procedures were applied to determine moisture, ash and volatile matter in 18 different materials between 2011 and 2013 and provided us with the individual z-scores to assess the laboratory performance. For the summarizing evaluation of the z-score sequences, the parameters 'rescaled sum z-scores', RSZ, 'sum squared z-scores', SSZ, and J-scores [2, 12, 13] were applied.
Experimental

Materials and equipment
All weighing was carried out using a calibrated Mettler Toledo AT 200 analytical balance (Greifensee, Switzerland), with 200 g capacity and a digital resolution (d m ) of 0.0001 g.
For moisture mass fraction determinations [7] , air ventilated drying ovens (Heraeus, Hanau, Germany, and Memmert, München, Germany) were operated thermostatically controlled in the range (105 ± 2)°C. Glass weighing dishes of 60 mm diameter and 10 mm height with lid were used to ensure a maximum sample layer of 0.2 g cm -2 . A furnace Heraeus M110 (Hanau, Germany) that allows controlled heating according to EN 14775 [8] was thermostatically controlled at (550 ± 10)°C and was used along with platinum dishes of 60 mm diameter and 20 mm height to determine ash mass fraction.
A furnace (Carbolite, Verder Scientific, Hope, UK) thermostatically controlled at (900 ± 10)°C was used to determine the volatile matter mass fraction. This furnace ensures enough heat capacity to regain the working temperature within 4 min after insertion of a cold stand. Silica fused crucibles of 20 mm diameter, 38 mm height and weight close to 14 g with well-fitting lids were used, according to EN 15148 [9] .
A desiccator with desiccant was used for moisture determinations, while for ash and volatile matter, a desiccator without desiccant was used.
Analytical Procedure
All samples were ground to pass a 1-mm sieve.
Their moisture mass fraction wðM ad Þ, where M refers to moisture and the subscript ad to an as analyzed basis was determined according to the procedure described in EN 14773-3 [7] . A dish with its lid was dried at 105°C before analysis and weighed until constant mass, m 1 , was reached. Into the empty dish, 1 g of the sample was transferred, and the weight of dish with lid and sample, m 2 , was taken. The uncovered dish with sample and its lid was dried at 105°C until constant mass, m 3 , was reached. Note that the dish should be covered inside the oven before being placed for cooling in the desiccator. In this work, the mass was considered constant, when the absolute difference between two successive weighings after heating periods of 60 min was below 1 mg. The wðM ad Þ value was calculated by Eq. 1:
The determination of the ash mass fraction, w A d ð Þ, where A refers to ash and the subscript 'd' to dry basis, was performed according to EN 14775 [8] . The ash mass fraction was defined as the mass of inorganic residue remaining after ignition at 550°C (Eq. 2) relative to the sample's original mass of 1 g. The sample was placed into an empty platinum dish that had previously been dried at 550°C during 60 min and then cooled in a desiccator. The samples were heated using the following furnace temperature program [8] : temperature increasing from 20°C to 250°C at a rate of 5°C min -1 ; held at 250°C for 1 h; temperature increasing at a rate of 10°C min -1 until 550°C and held at 550°C for at least 2 h. The dish with the ash was weighed after cooling in a desiccator. The procedure was repeated keeping the sample at 550°C for another 30 min until the absolute difference between two consecutive weightings was less than 0.5 mg. The ash mass fraction was obtained applying Eq. (2):
where m 4 is the mass of the empty dish; m 5 and m 6 are the masses of the dish with sample before and after ignition, respectively. The volatile matter mass fraction, w V d ð Þ, where V refers to volatile matter, was determined according to EN 15148 [9] . The crucible with lid was previously heated to 900°C for 7 min. After cooling, the mass m 7 of crucible and lid together was determined. Then, 1 g of the sample was weighed into the crucible and the system heated without contact to air at 900°C and held for 7 min. The mass fraction w V d ð Þ was calculated from Eq. (3):
where m 8 and m 9 are the masses of the crucible with lid plus sample before and after heating, respectively, and m 7 is the mass of the empty crucible with lid. The quality control program used includes: Calibrated equipments, criteria to establish that constant mass is reached and duplicate analysis of all samples.
Validation of the measurement procedure and estimation of the measurement uncertainty
Measurement precision under repeatability conditions was estimated from duplicate analysis. The limit of repeatability, r, was calculated from the standard deviation of the duplicates control charts [14, 15] as shown in Table 1 . All these r values were lower than the target repeatability stated in the European standards [7] [8] [9] , so that these precision requirements are fulfilled.
The combined standard uncertainties of the moisture, ash and volatile matter mass fractions denoted by
, respectively, are given by Eqs. (4)- (6) which are based on the law of propagation of uncertainty for independent variables [10] . All uncertainty sources that could affect the measurands (Eqs. 1-3) were considered, and a global component f rep was added to account for to the precision of measurements under repeatability conditions.
For the measurement uncertainty of m 2 , m 4 , m 5 and m 7 to m 9 , two contributions had to be considered as given by Eq. (7):
where u m cal ð Þ is associated with the calibration of the balance and was estimated from a maximum permissible error (0.0005 g), while u(m res ) comes from the digital resolution of the balance, d m = 0.0001 g [10, 11, 15] . In both cases, a rectangular probability distribution was assumed. A possible contribution associated with repeatability was included in the precision component already. For all weighing, an eccentric load effect was avoided by carefully placing of the object in the center of the pan according to good laboratory practice. In case of m 1 , m 3 and m 6 , a third component was included to account for the uncertainty of the constant mass level, u(m constant ), which was estimated from the criterion of maximum weighing differences mentioned above (assuming a rectangular probability distribution also here) [11] :
Target measurement uncertainty, u tg y ð Þ, was defined according to the intended use of the results. In this work, it is based on reproducibility standard deviations, s R , calculated from reproducibility data stated in the European standards [22] .
In the Electronic Supplementary Material, the detailed measurement uncertainty budgets at different levels of w M ad ð Þ, w A d ð Þ and w V d ð Þ are presented as Tables S1-S3. In the case of moisture mass fraction (Table S1 ), the f rep and m 3 relative variances contribute to u 2 c w M ad ð Þ ½ around 50 % each. For the input quantity m 3 , this is due to uncertainty associated with m constant (Eq. 8). EN 14774-3 requires that the measurement result should be reported to the nearest 0.001 [7] , and this is fulfilled with U w M ad ð Þ ½ = 0.002 (Table S1 ). For the determination of the ash mass fraction (Table  S2) , the main contributions to u Table S2 ,
, and thus the requirements were fulfilled. The specification for reporting the measurement results to the nearest 0.001 [8] was also fulfilled for the expanded uncertainty (applying a coverage factor k = 2) with U w A d ð Þ ½ = 0.002 and U w A d ð Þ ½ = 0.003 for the studied ash mass fraction levels. In case of w V d ð Þ, the reproducibility value stated by the European standard was 4 % of the mean result [9] what leads to u tg [w(
As shown in Table S3 at both levels of mass fraction,
The dominant contribution of uncertainty comes from f rep .
The limits of detection, w(y) LOD , and the limits of quantification, w(y) LOQ , were estimated using solid biofuels whose mass fractions were close to the predicted ones and analyzed under within-laboratory reproducibility conditions. The standard deviations were multiplied by 3 and 10 [14, 15] , resulting in w(y) LOD = 0.001 and w(y) LOQ = 0.003 for the moisture, ash and volatile matter mass fractions. Although no target values were defined in the European standards for limits of quantification, those obtained in this work allow fulfilling the requirements of EN 14961-1 [21] . These limits were checked at least once a year.
Monitoring PT performance over time
The performance when using the described measurement procedures was assessed by participating in the PT schemes of the BIMEP program with 18 samples in 5 rounds from 2011 to 2013 organized by WEPAL. From the 2012 on, this laboratory began to participate in only one campaign per year. The assigned values, w PT , for the measurands were consensus values as the mean of all participants' results. The related standard deviations, s PT , were calculated under the normal distribution approximation (NDA) model [17] [18] [19] by the PT provider who also computed the z-scores.
The z-scores obtained using the above procedures to measure the mass fractions of moisture, ash and volatile matter in the 18 PT samples of different solid biofuels are listed in Table 2 . For moisture and volatile matter mass fractions, all z-scores were between -2 and ?2 so that the performance can be classified according to the agreed notation [6] as 'satisfactory' throughout.
Also, satisfactory were 16 determinations of ash mass fraction; however, two z-scores were between -2 and -3 (not in sequence), what may be classified as 'questionable' [6] . No unsatisfactory score (|z| C 3) was obtained for any measurement so that on the basis of individual z-scores no hint on any problem was found.
While the individual z-scores provide valuable information on the current performance of a laboratory, further and more specific insight may be derived from monitoring the performance over time. Already the comparison of two immediately following z-scores can indicate the necessity of corrective actions provided both results were 'questionable' [13] -which, however, was not the case above because the results were not obtained in sequence, even not in the same round.
The evaluation of series of z-scores can be facilitated by a suitable graphical arrangement, in particular when comparing the temporal course of performance regarding different measurands. In Fig. 1 , the scoring of all three analytes studied in this work is presented in form of the control chart as suggested in [12] . It may be concluded that also from monitoring over time, no conspicuous deviation became evident. The number of triangles (|z| equal to or larger than 2) averaged over the three analytes indicates that the results are consistent with fitness for purpose [12] .
The J-chart (also called 'zone chart') is considered to be even more informative [2, 12] . J-scores are derived from zscores magnifying their deviation from zero in steps. For the J-chart the J-scores of successive results are cumulated, and the sum is reset to zero at any result |z| \ 1. This cumulative chart allows to detect-among other featuresa persistent minor bias. A sum exceeding 8 would indicate the necessity of a corrective action, which, as can be seen from Fig. 2 , did not happen in this study.
In addition, the series of z-scores were numerically evaluated using the cumulative scores 'rescaled sum of zscores', RSZ, and 'sum of squared z-scores', SSZ [2, 12, 13] in particular to check for bias or trend. RSZ is defined by Eq. (9) .
where N is the number of scores within the checked sequence. This score can be interpreted on the same basis as a single z-score and would evidence a persistent bias or trend. The RSZ value obtained for the determination of moisture, ash and volatile matter mass fractions in the 18 PT samples of solid biofuels are presented in Table 3 : All three are to be classified as 'satisfactory'.
The SSZ score, which avoids the cancelation of z-scores with opposite signals and is highly sensitive to outliers [12, 13] , is calculated as:
It is interpreted by comparing it with the Chi-squared value for N degrees of freedom, which in the present case is 28.9.
The SSZ values for the three types of analyses under Fig. 1 Control chart of multiple z-scores sequences from participation in BIMEP proficiency testing. , -3 \ z \ -2; , -2 \ z \ 2; , 2 B z \ 3 [12] consideration are given in Table 3 : They are well below the reference value 28.9 as requested for adequate laboratory performance.
BIMEP Round
Conclusions
Performance characteristics of the procedures applied in this work fulfill both, target repeatability and reproducibility stated in the European standards, assessed as repeatability from sample duplicate analysis and combined standard uncertainty. Limits of detection and quantification were additionally estimated, and the values obtained fulfill the requirements for specifications and classes of solid biofuels. The laboratory performance was assessed though participation between 2011 and 2013 in 5 rounds with 18 samples of the PT program BIMEP organized by WEPAL. For moisture and volatile matter mass fractions, all z-scores were classified as 'satisfactory', as were 16 out of the 18 results for ash mass fraction, while two scores (not in sequence) 2 \ |z| B 3 were obtained. Overall, this indicates fitness for purpose. N number of scores, RSZ rescaled sum of z-scores (Eq. 9), SSZ sum of squared z-scores (Eq. 10)
